Reconstructing the Poynting vector skew angle and wave-front of 
optical vortex beams via two-channel moire deflect ometery 
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A novel approach based on the two-channel moire dcflcctomctry has been used to measure both wave-front and 
transverse component of the Poynting vector of an optical vortex beam. Generated vortex beam by the g-platc, 
an inhomogencous liquid crystal cell, has been analyzed with such technique. The measured topological charge of 
generated beams are in an excellent agreement with theoretical prediction. © 2013 Optical Society of America 
OCIS codes: 050.4865, 010.7350, 120.4120, 260.6042. 



It is well-understood that optical beams may possess 
two rotational like degrees of freedom corresponding to 
vector and phase features of the light that are known as 
a spin and orbital angular momentum [1]. A beam with 
circular polarization possesses spin angular momentum 
(SAM) of ±h per photon, which sign is defined by the 
polarization handedness. In contrast, orbital angular 
momentum (OAM) is associated with helical phase- 
front of the beam. The optical field is proportional to 
exp (i£(j)) and carries £h angular momentum per photon 
- 4> and £ stand for azimuthal angle and integer number 
(winding number), respectively [2]. Laguerre-Gaussian 
modes are an example of paraxial optical beams with 
well-defined value of OAM. For non-zero £, the beam 
has no light at the center and the intensity profile has 
a doughnut shape [3]. In a full rotation around such 
dark point (singular point) the optical phase suffers a 
jump of ±2|£|7r, where the sign determines the phase 
rotation direction. In paraxial beams the SAM and 
OAM correspond to different physical properties and 
arc independent rotational degrees of freedom [1]. In 
recent times, such features paved the way to promising 
applications both in the classical and quantum optics 
such as: imaging techniques, lithography optical tweez- 
ers, and communications [4-7]. A well known feature 
of light beams carrying OAM is that the Poynting 
vector owns non-negligible transverse components. The 
radial and azimuthal components of the Poynting vector 
density (Poynting vector/beam intensity) in the beam 
transverse plane tend to zero and infinity, respectively 
as the central dark singularity is approached. In par- 
ticular, a collimated helical beam bears an azimuthal 
component of the Poynting vector proportional to the 
winding number I [8]. Different approaches have been 
already implemented to measure, directly or indirectly 
the transverse components of the Poynting vector or the 
wavefront profile of a helical beam [9]. For example, a 



Shack-Hartmann sensor was used to measure the skew 
angle of the Poynting vector and exploited as an OAM 
sorter [10,11]. However, local precision, low transverse 
resolution and aberrations bound its utilization to few 
pedagogical and research applications. 
In this letter, we propose a novel approach based 
on two-channel moire deflectometer to measure both 
phase-front and transverse components of the Poynting 
vector of an optical vortex (OV) beam [12]. Unlike the 
intcrfcromctric approach, the moire technique does not 
require a plane wave reference beam. Furthermore, the 
accuracy and measurement quality compared to the 
wave-front based sensors, e.g. Shack-Hartmann, have 
been improved significantly. 

Among OV beams, LG modes play an important role. 
They are a solution to the paraxial wave equation (PWE) 
that form orthogonal, complete set, and are eigenstates 
of the light OAM. Any paraxial optical beam can be ex- 
panded in the LG basis [3] so that exploiting the phys- 
ical features of LG modes provides a profitable knowl- 
edge about general properties of OV beams. Thereafter, 
with little loss of generality, a pure: LG beam was consid- 
ered. A straightforward calculation shows that for such 
a beam, the wavefront and Poynting vector skew angle 
at the waist are given by \ = £4> an d a = £/{kp), re- 
spectively - where p, <f), z are the cylindrical coordinates, 
k = 2ir/\ is the wavenumber, and a stands for the ra- 
tio of azimuthal and longitudinal component of Poynt- 
ing vector [8]. The slanting angle a increases for small 
radii, which is an evidence of staircase wavefront feature 
k oc Vx- Of course, it is worth to remember that, due 
to the presence of phase singularity, the optical phase is 
undefined at the origin and the light intensity drops to 
zero as well. 

In our work, we generate OV beams by means of g-plate, 
a liquid crystal cell possessing a specific integer or half- 
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integer positive or negative topological charge q at its 
center [13]. When the optical retardation of the g-plate 
is 7r, tuned q-plate, the handedness of the input circular 
polarization is reversed and the OAM value of the input 
beam is increased/decreased by 2qh per photon: 

Opiate -|±>^ ±2 ^|+), (1) 

where |±) stand for left and right circular polarization 
and q is the g-plate topological charge (unessential 
global phase factor has been omitted) [14]. In a tuned 
g-plate, the handedness of the OAM added to the input 
beam depends on its helicity as shown in Eq. (1). The 
optical retardation of the g-plate can be practicality ad- 
justed by varying temperature, by applying pressure or, 
more conveniently, by applying an AC voltage [15,16]. 
It is worth noting that g-plates as other available OAM 
generators do not generate pure LG beam [17]. Indeed, 
they generate Hypergeometric- Gaussian beam, which 
can be seen as a superposition of infinite LG P ^ modes, 
all sharing the same winding number i and differing in 
the radial index p [18]. However, it can been shown that 
the most of the beam power is confined in the LGo.f 
mode. 

In our experiment, a collimated plane wave of a He- 
Ne laser (A = 633 nm, P = 30 mW) was converted to an 
OV beam with OAM of £ = ±20 by means of an electri- 
cally controlled g-plate with q = +10 [16]. The OV beam 
was then split out into two beams, going up and down, 
say, by a beam splitter (BS). A mirror was used to in- 
troduce even number of reflections in the reflected beam 
so that the light beams in both arms had equal OAM 
value. Each beam in the two arms passed through a pair 
of moire deflectometers, which were placed parallel and 
close to each other. The optical path lengths of the two 
arms were taken equal to obtain uniform mapping scale 
in the transverse plane. Directions of the grating's rul- 
ings were almost parallel in each moire deflectometer - 
but, the gratings of the deflectometers in the two arms 
were perpendicular each other (see Ref. [19] for more 
detail on the experimental setup). We assume the grat- 
ing rulings in the first and second channels are along 
the x- and y-directions, respectively. Distances in each 
channel were set to have the Talbot image of the first 
grating formed at the second grating position, where a 
diffuser was installed. The second gratings were slightly 
rotated to obtain moire effect. The gratings had equal 
periods of d = 0.1 mm and the used Talbot distance 
was set at = 6.34 cm, corresponding to 2 nd order. 
The moire patterns from both arms, which consisted of 
317x352 pixels each, were finally acquired by CCD cam- 
era for further processing [19]. The sensitivity of our ap- 
paratus allowed us to measure phase-front angle changes 
of 7.77//rad. Fig (1) shows the recorded frames of two 
moire patterns on the CCD camera for three different 
cases: (i) plane wave (when the g-plate is totally un- 
tuned - 2n optical retardation - the emerged TEMqo 
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Fig. 1. (Color online) A typical recorded frame for three 
different cases (upper row) plane wave, (middle row) OV 
beam with OAM of +10 and (down row) OV beam with 
OAM value of —10, respectively. Each frame consists of 
two set of orthogonal moire patterns corresponding to 
the beams in two arms. Red, green, and blue solid lines 
stand for typical traces of moire fringe minima, fringe 
maxima, and first order virtual trace, respectively. 



beam was selected by an appropriate polarization selec- 
tor), (ii) OV beams having OAM I = +10 and (iii) 
£ = — 10 generated by a tuned g-plate, respectively. Each 
frame consists of two moire fringe patterns along x and 
y-directions corresponding to the beams in the two arms 
of the apparatus [19]. In the first case, the wavefront of 
the plane TEM o beam, was planar. Therefore, the moire 
fringe patterns on both arms were uniformly spaced lin- 
ear dark and bright fringes. In the last two cases, where 
beams possess helical phase front, displacements in the 
moire fringes have been observed in both channels. Such 
fringe deviations reflect the beam wave-front curvature 
and we exploited such changes to determine the shape of 
the incoming beam phase-front and the transverse com- 
ponent of the Poynting vector. A straightforward cal- 
culation shows that the wavefront gradient Vx can be 
expressed in term of the relative fringe displacements in 
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the two arms of our apparatus: 

Vx = ( -Jh^ ) SVmX + ( -A^r ) Sx rn y, (2) 
\d m Z k J \d m Z k J 

where d m , d' m are the moire fringe spacings, and 8x mi 
5y m are the moire fringe shifts in the first (x-direction) 
and second (y-direction) channels, respectively [20]. 
The reconstructed beam wave-front and transverse 




Fig. 2. (Color online) The reconstructed wave-front 
and transverse component of the Poynting vector of 
OV beams, (a) and (c) are the reconstructed wave-front 
and transverse component of Poynting vector for an OV 
beam with £ = +20, respectively and (b) and (d) are the 
same for an OV beam with £ = —20. The beam propa- 
gation direction is toward the plane, and the phase value 
scale is shown in false color in the side bar. 

Poynting vector of OV beams with topological charge 
±20 are shown in Fig. 2. The central region below a 
certain threshold was excluded due to the presence of 
the singularity. As shown in the figure, the transverse 
components of the Poynting vector circulates around 
the singular point and its value increases at inner radii 
as expected from theory. In order to experimentally 
prove the presence of vortex structure in the light 
beam, the beam topological charge Q — ^ § c V% ■ dr 
with loop C enclosing the singularity, was calculated 
from the data [1]. We found a topological charge of 
19.93 ± 0.08 in excellent agreement with the predicted 
value [14]. The reported error corresponds to different 
choices of the contour loop C. In a different approach, 
the dependence of the azimuthal component S<p of the 
Poynting vector on £ (S,f, cx £/p [8]) can be used to 
measure the beam OAM. Therefore, a direct plot of the 
skew angle a = £/(kp) of Poynting's vector for different 
p unveils the beam £. 

In conclusion, we presented a novel approach based 
on the moire deflectometry to measure both wave-front 
and transverse component of Poynting vector in OV 
beams. Although not interferometric, such method leads 



to a very precise direct measurement of skew angles 
of Poynting's vector with accuracy of 7.77/irad. This 
accuracy can be improved by exploiting a lower grating 
period (i.e. d = 1/50 mm). In our experiment, we have 
reconstructed the beam wavefront and the skew angle of 
Poynting's vector for two different OV beams generated 
by g-plate. We think that the present technique could 
be very promising to measure the OAM, topological 
charge of light vortex beam and components of the 
Poynting vector [21,22], since it is not interferometric, 
insensitive to the precise location of the optical vortex 
in the transverse plane and much more accurate than 
other current available approaches. 
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